Weak ferromagnetism of quasi-one-dimensional S = 1/2 antiferromagnet BaCu 2 Ge 2 O 7 is studied by the magnetization measurement. The spontaneous magnetization appears along the b axis. The local symmetry between the in-chain nearest neighbor spins allows the presence of DzyaloshinskiiMoriya interaction, and the only possible spatial configuration of the weak ferromagnetic moment per spin determines the sign of the inter-chain interaction. The magnetization along the a axis exceeds that along the b axis by a weak magnetic field, which shows that the spin chain forms a weakly coupled weak-ferromagnetic chain system. 75.10.Jm, 75.25.+z, 75.40.Cx, 75.50.Ee Typeset using REVT E X 1
One-dimensional (1D) quantum antiferromagnet (AF) is of particular interest in both theory and experiment of quantum magnetism. It is widely accepted that a pure 1D S=1/2 antiferromagnet has no long-range order at T = 0 K. 1 On the other hand, almost all the actual spin-chain systems show magnetic three-dimensional long-range order (3D-LRO) at their ground states due to a finite inter-chain interaction. While in general there are many kinds of magnetic 3D-LRO states, the transition to a normal 3D AF-LRO state has been studied mostly. 2 One remarkable exception is a weak ferromagnetic transition that was recently found in 1D compound Sr 0.73 CuO 2 .
3 However, this compound cannot be treated as a uniform spin-chain system but rather is well explained as an alternating-chain system.
In this paper, we report a weak ferromagnetism (WF) of a uniform S = 1/2 spin chain The single-crystal sample of BaCu 2 Ge 2 O 7 was grown by a floating-zone method, and was cut into a rectangular shape (a × b × c = 1.7 × 1.6 × 3.1 mm 3 ). Since the a-and the c-axis lengths are almost the same (see later), particular attention was paid to determine the crystal orientation by x-ray diffraction. We took the diffraction at randomly selected three different points at every surface, and found no trace of a twinned structure. However, the possibility of inclusion of misoriented grains inside the crystal was not eliminated. Magnetization measurement was carried out with a commercial SQUID magnetometer (MPMS, Quantum Design) in the field range from 0 to 5 T. We also measured transverse magnetization with this system.
Figure 1 (a) shows the magnetic susceptibility measured at H = 1000 Oe. A broad peak is observed around 300 K, and the data can be fitted with a calculation by Bonner and Fisher (BF), 5 which indicates that the system is well described as an 1D Heisenberg AF. χ b and χ c are well fitted assuming different g values, and J = 540 K is obtained as an intra-chain coupling, which agrees with that previously reported for the polycrystalline sample. 4 As the temperature decreases to the WF transition temperature at T N = 8.8 K, deviation from the BF curves becomes significant. Below T N , spontaneous magnetization appears as shown in the inset of Fig. 1 To see the anisotropic magnetization, the field dependence of magnetization was measured at the WF state. Figure 2 (a) shows low-field magnetization along the principal axes.
A characteristic steep increase of the magnetization is found along the a and c axes up to H = 280 Oe (H c ). M a reaches more than 1.6 × 10 −1 emu/g, while M b remains approximately 9×10 −2 emu/g. Once magnetic field exceeds H c , the slopes become similar to one another as shown in Fig. 2 (b) . The magnetization continues to increase along all the axes, which is a typical behavior of WF-LRO state. We did not observe a spin-flop anomaly in this field region, which indicates the lack of a strong easy-axis anisotropy in this system.
Let us first discuss the crystal structure to reveal this WF-LRO state. BaCu 2 Ge 2 O 7 has a structure isomorphous to BaCu 2 Si 2 O 7 (see Fig. 1 of Ref. 4) with slightly longer lattice parameters: a = 7.028Å, b = 13.403Å, and c = 7.044Å. 6 There is a single equivalent Cu 2+ site; each Cu 2+ ion is connected by one O 2− ion and they form a chain along the c axis. However, the bond of Cu-O-Cu is not straight as shown in Fig. 3 There cannot be a single-ion anisotropy in BaCu 2 Ge 2 O 7 , because a magnetic moment in This is against to our ovservations, and thus we conclude that the c axis is an easy axis. The origin of this anisotropy is not obvious, but the inter-chain interaction along the b axis can contribute to this easy-axis anisotropy as will be discussed later. It should be noted that a DM interaction is always accompanied by an symmetric superexchange anisotropy referred to as the KSEA interaction. Once we obtain the direction of M W F,k on each spin chain, the spatial configuration of M W F,k determines the bulk magnetization. Relative directions of M W F,k between the neighboring chain depend on the inter-chain interaction. In Fig. 3 (c The corresponding spin arrangement shown in Fig. 3 (c) does not show weak ferromagnetism along any directions, which is consistent with the susceptibility measurement. The spin arrangement of BaCu 2 Ge 2 O 7 is, at last, determined as shown in Fig. 3 (d) . Note that the easy planes of the neighboring chains are parallel to each other along the a axis, while those along the b axis are not parallel; they form a relative angle by approximately 114.6
• . If the DM interaction is strong enough to confine the spins in the plane, two neighboring spins along the b axis can be parallel (J b < 0) or antiparallel (J b > 0) only when they are directed to the c axis. In such way, inter-chain interaction can add an easy-axis anisotropy along the c axis.
So far, we have assumed that the DM interaction is the dominant perturbation to the spin system and the inter-chain interaction gives only a secondary effect. This assumption is valid by the following discussion. The magnitude of DM interaction can be estimated from the magnetization data. Using the angle between the easy plane and the ac plane Next we discuss the low-field anisotropic magnetization of BaCu 2 Ge 2 O 7 upon this model structure. M a steeply increases up to H c first and suddenly changes its slope. This is qualitatively explained by the rotation of WF moment as schematically shown in Fig. 4 (a) .
When the field is applied parallel to the a axis, M W F,1 and M W F,2 hold their directions, while M W F,3 and M W F,4 are rotated almost by 180
• , which can produce a large magnetization along the a axis. We consider that the spins on the chains 3 and 4 are cooperatively rotated without changing their relative angle so much, because both J b and the Zeeman energy are too weak to change the relative angle of the spins against the dominant DM interaction. After this rotation is fininshed at 280 Oe, large magnetization appears along the a axis, and simultaneously net magnetization along the b axis is lost. In order to confirm this rotation, we carried out the transverse magnetization measurement, and found that the b-axis magnetization is actually suppressed with increasing field along the a axis as shown in Fig. 4 (b) . Since the geometry of the pick-up coil for our transverse magnetization measurement was the second differential type, finite M b gives an even-function response to the direct signal. Actually we got such a signal around 0 Oe, and observed the evolution of M b . However, as the field approach 280 Oe, the direct signal changes its shape and finally turns to an odd-function response, which means that the M a induced by the field dominates the response of the pick-up coil. M b is now negligibly small, and we conclude that the spin structure shown in Fig. 4 (b) is realized. Such spin rotation is one of the chatacteristics of weakly-coupled spin chain, where DM interaction roughly keeps WF moment per chain, while the direction of WF moment is determined as a result of the competition between Zeeman energy and inter-chain coupling. 
